Our objective is to describe a multi-layer model of C 3canopy processes that effectively simulates hourly CO 2 and latent energy (LE) fluxes in a mixed deciduous Quercus-Acer (oak-maple) stand in central Massachusetts, USA. The key hypothesis governing the biological explicit link between canopy structure, soil properties, atmospheric conditions and stomatal conductance .
component of the model is that stomatal conductance (g s ) is varied so that daily carbon uptake per unit of foliar nitrogen is maximized within the limitations of canopy water availability. The hydraulic system is modelled as an analogue to simple electrical circuits in parallel, including a separate soil hydraulic resistance, plant resistance and plant capacitance for each canopy layer . Stomatal opening is initially controlled to conserve plant water stores and delay the onset of water stress . Stomatal closure at a threshold minimum leaf water potential prevents xylem cavitation and controls the maximum rate of water flux through the hydraulic system . We show a strong correlation between predicted hourly CO 2 exchange rate (r2 = 0 . 86) and LE (r2 = 0.87) with independent whole-forest measurements made by the eddy correlation method during the summer of 1992 . Our theoretical derivation shows that observed relationships between CO 2 assimilation and LE flux can be explained on the basis of stomatal behaviour optimizing carbon gain, and provides an INTRODUCTION Eco-physiological processes, such as photosynthesis and leaf energy balance, are now relatively well understood Correspondence: Mathew Williams, The Ecosystems Center, Marine Biological Laboratory, Woods Hole, MA 02543, USA . © 1996 Blackwell Science Ltd (McMurtrie 1993) . What remains elusive is a sound understanding of how these processes integrate over space and time, and interact within a community of plants . Interest in scaling canopy processes derives in part from questions raised about the global carbon (C) cycle, and the nature of the missing terrestrial C sink (Schimel 1995) . One approach to this problem uses models that allow scaling of processes at the leaf level to whole canopies (Jarvis et al. 1985 ; Running & Coughlan 1988 ; McMurtrie 1993) . Such models closely predict hourly CO 2 flux measurements in temperate grasslands (Norman & Polley 1989 ), a soybean crop (Baldocchi 1992) , and temperate forest (Amthor 1994) , although the latter model tended to overestimate CO 2 uptake in the afternoon . Our goal in this paper is to describe a process-based model that accurately predicts whole-forest carbon and water exchange, and explains these fluxes in terms of optimal water and nitrogen (N) use . Such a model both improves our understanding of key factors in forest growth and ecosystem function, and provides a synthetic tool with which to investigate the behaviour of canopies at different sites .
Both aggregated (e .g . 'big-leaf) and distributed (e .g . multi-layer) approaches are commonly applied in modelling canopy processes (Raupach & Finnigan 1988) . There are costs and benefits to both (O'Neill & Rust 1979 ; Rastetter et al. 1992) . Distributed simulations require assumptions about the distribution of key parameters in space, but allow model parametrization using fine-scale (e .g. leaf-level) data . Aggregation avoids the need for spatial details by building the effects of non-linearities into the model parameters ; however, fine-scale data are not directly applicable to estimation of these coarse-scale parameters .
These parameters must therefore be estimated directly from coarse-scale data (e.g : canopy rather than leaf-level data) .
Big-leaf modelling is an aggregated approach commonly applied in simulations of canopy processes (Sinclair et al. 1976 ) ; photosynthetic properties of individual leaves are assumed to be scaled with depth in the canopy in rela-tion to photosynthetic photon flux density (PPFD) profiles (Farquhar 1989 ; Field 1991) . If this is so, then details of the canopy profile can be ignored in many cases, and the modelling approach can be simplified to treat only a single layer. However, if the interaction between microclimate and physiology is of interest, then it is important to resolve detail within the canopy using a distributed approach (Raupach & Finnigan 1988) . The model we present is based in part on a hypothesized spatial independence of stomatal control, and therefore precludes an aggregated approach . Atmospheric saturation deficit, net radiation and leaf boundary layer conductance all vary with depth in the canopy ; also, the rate of water supply may depend on the height of the leaves above the ground . This means we expect vertical variation in patterns of water stress, and thus the degree of stomatal limitation may vary with height in the canopy . To investigate and account for this phenomenon, we employ a 10-layer canopy model . Our model is a new synthesis, combining simple models of plant and soil hydraulics, carbon assimilation, gas diffusion and vegetation/environment interactions to produce a robust model of the soil-plant-atmosphere continuum . The model is unique in that g s for each layer is calculated to maximize daily C gain per unit leaf N, within the limitations of canopy water storage and soil-to-canopy water transport. Transpiration is ultimately limited by the rate of water supply imposed by plant hydraulics (Tyree 1988) and soil water availability (Gollan et al . 1985) . Cowan (1977) has proposed a mechanism of optimal stomatal variation that regulates the relationship between water loss and carbon gain . We employ a similar mechanism that operates to ensure the efficient use of canopy stored water so it can be more optimally employed ameliorating afternoon water stress . Once stored water is exhausted, leaves must be irrigated by water transported from the soil (Meinzer & Grantz 1990) ; gs adjusts so that transpiration equals the rate of water supply (Aston & Lawlor 1979) . The maximum rate of water supply is determined by the minimum sustainable leaf water potential, canopy capacitance, root water uptake, soil water availability, and stem hydraulic conductance (Meinzer & Grantz 1991) . Stomatal closure at a threshold minimum leaf water potential prevents xylem cavitation and controls the maximum rate of water flux through the hydraulic system (Jones 1992) .
We parametrize and drive the model with meteorological data and measurements of vegetation structure collected at Harvard Forest, Petersham, MA (42'54°N, 72'18°W, elevation, 340 m) during the summer of 1992 . The model then predicts the CO2 exchange rate and transpiration rate of each canopy layer ; from measurements of other fluxes within the system (e .g . soil respiration and evaporation), we can predict the diurnal course of wholeforest fluxes . The eddy correlation method (Baldocchi et al. 1988 ) has provided independent measurements of the hourly fluxes of carbon and latent energy from the forest canopy for entire growing seasons at Harvard Forest (Wofsy et al. 1993) . We compare the simulated and mea-sured diurnal fluxes of CO 2 and latent energy (LE), and discuss the influence of plant hydraulics on flows . We use sensitivity analysis to determine the most influential set of parameters, and discuss future directions for model development and application .
MODEL STRUCTURE
The model ( Fig . 1) consists of various sub-models, which can be roughly divided into physical and biological components . The physical components specify the structure of the canopy, determine the absorption of both photosynthetically active radiation (PAR) and other wavelengths in each canopy layer, calculate leaf boundary layer conductance, and determine soil water availability . The biological components determine how leaf water potential varies with transpiration, the variation of leaf biochemical parameters with foliar N content, irradiance and leaf temperature, and the diurnal course of gs in each layer, which controls C uptake and water loss .
Physical sub-models
The physical sub-models are calculated only once per time step (30 min) . Hourly meteorological data collected at Harvard Forest were linearly interpolated to estimate conditions on the half-hour . In the physical components we have four sub-models as follows .
(A) Canopy structure
The canopy is divided into 10 layers, with equal leaf area per layer, spaced equally between the top (24 m) and bottom (10 .5 m) of the canopy . Ellsworth & Reich (1993) and Aber (1979) have shown that such a leaf area distribution is a reasonable assumption in closed deciduous forests . We analysed data from Ellsworth & Reich (1993) showing the variation in N concentration (g M-2 leaf area) with height in a deciduous forest, and fitted an exponential decay function that effectively described this relationship (see Eqn Al) . We used this function to allocate the total canopy N measured at the site among the 10 canopy layers .
(B) Radiation regime
The radiation routines model the incidence, interception, absorption and reflection of PAR, near infrared radiation (NIR), and longwave radiation . PPFD (pmol m-2 S-1) was measured at the Harvard Forest site ; from the integrated daily total, we estimated the diffuse fraction of the incoming flux (Erbs et al . 1982) . Using relationships from Szeicz (1974) , we approximate the incidence of NIR (i .e. the remaining component of the shortwave radiation) in Wm 2 .
To determine solar radiation absorption, we employ Beer's Law as described in Amthor (1994) and Amthor et al. (1994) . Their multilayer model of radiation absorption by the canopy accounts for individual leaf and forest floor (B) the vertical distribution of radiation -PAR, NIR and longwave (not shown) ; (C) the distribution of wind speed and leaf boundary layer conductance within the canopy, and (D) the soil water potential (P,) and soil hydraulic conductivity . The biological component is then applied successively to each canopy layer . Biological processes are calculated iteratively by incrementing layer stomatal conductance (g, n) until this results in either no appreciable increase in assimilation (defined by a parameter t), or the minimum leaf water potential (WI-in) has been reached . The iterative procedure is calculated as follows : (1) g,n is incremented and total conductance to CO 2 (gt ) is calculated;
(2) the leaf energy balance and thus leaf temperature (T,) are estimated ; (3) the Rubisco-limited rate of carboxylation (V cmax ) and the potential rate of electron transport (Jmax) are determined from T1, irradiance and leaf N content ; (4) mesophyll CO2 concentration (Ce ), and thus CO2 assimilation are calculated : as g,n increases, assimilation becomes less limited by diffusion (VV is the actual rate of carboxylation, and I* is the CO2 compensation point); (5) g,n also drives layer transpiration (En ), determined by the Penman-Monteith equation ; (6) each layer has an independent hydraulic system (illustrated for layer n, where Rpn is layer plant resistance, Cn is layer capacitance and R,n is soil hydraulic resistance to this layer), which determines the lagged change in leaf water potential (Win ) caused by transpiration . The cycle of increases in g,n is terminated when either one of the conditions in (7) is no longer met (N .B . i is small) .
reflectance and absorptance of NIR, PAR and longwave radiation . Reflectivity and transmissivity of leaves and soils were estimated from data provided by Baldocchi et al. (1985) . We assumed a spherical leaf angle distribution (Russell et al . 1989 ) . The sum of PAR (derived from PPFD), NIR and longwave radiation absorbed determines the net isothermal radiation for each canopy layer.
(C) Leaf boundary layer characteristics
The multilayer approach requires that we estimate the variation of boundary layer characteristics of leaves within the canopy . Measurements were made at the Harvard Forest tower of wind speed (m s -) and direction (°) at 30 m, 6 m above the canopy surface . However, wind speeds, and thus boundary layer conductances, decline within the canopy (Roberts et al . 1990 ) . We use an exponential wind relationship (Cionco 1985) to approximate the wind speed at different heights within the canopy . Within each canopy layer, we estimate the leaf boundary layer conductances to water vapour and heat using relationships from Nobel (1983) . At Harvard Forest, measured midday CO 2 concentrations at 30 m (6 m above the canopy) and within the canopy vary by less than 1 pmol mol -1 . On this evidence, we will assume that conductance across the canopy boundary layer is high enough to be ignored.
(C) Soil water characteristics
Soil water potential ( GPs) and soil hydraulic conductivity .°i,) were not measured directly, but can be estimated from soil sand, clay and water content using empirical relationships (Saxton et al. 1986 ). Evaporation of water from the soil surface is determined from soil radiation balance (calculated in the radiation regime) and soil water content . Soil moisture levels are high around the study site at Harvard Forest (see below), so we expect soil water to be freely available throughout the growing season in this case .
Biological sub-models
The key hypothesis governing the biological components of the model is that gs is controlled to maximize carbon gain per unit N within the limits set by the rate of water uptake and canopy water storage . Studies on Quercus rubra (Ren & Sucoff 1995) and other species (Kuppers 1984 ; Meinzer & Grantz 1990 ) have shown a coordination of vapour-phase and liquid-phase conductances . Meinzer & Grantz (1991) hypothesize that g s will ideally remain in balance with the hydraulic capacity of the soil and roots to supply the leaves with water, avoiding leaf desiccation at one extreme and the unnecessary restriction of CO2 uptake at the other . We model this explicitly, and also include the impacts of water stored by plants .
Component plants are assumed to open their stomata until either (1) further opening does not constitute an effective use of stored water in terms of carbon gain per unit water loss, or (2) further opening causes a drop in leaf water potential below the limit that causes xylem cavitation. Plant water relations are modelled as an analogue to a simple electrical circuit (Cowan 1965 ; Passioura 1982 ; Whitehead & Hinckley 1991) . Each canopy layer is assumed to have an independent connection to soil water . Therefore, each layer is modelled separately .
Soil resistance
We use a single soil layer steady-state model (Newman 1969 ; Federer 1979) to estimate the hydraulic resistance of the soil around the roots that supply each canopy layer (Rs ,, ; MPa s m2 mmol -1 ) . The model is dependent on root dimensions and soil hydraulic conductivity (see Appendix) . We assume that each canopy layer is supplied by an equal proportion of the total root length, and so RS" is invariant among layers . The single soil layer is an appropriate approximation for Harvard Forest because of high moisture levels (see below), but a more detailed soil profile might be needed in dry soils .
Plant hydraulics
The highest layers in the canopy are subject to the greatest resistance to xylem water supply (Hellkvist et al. 1974 ) . Thus, xylem hydraulic resistance per unit leaf area for layer n in the canopy (Rp,, ; MPa s m2 mmol-') increases with the layer height (h) . We make various simplifying assumptions in our representation of plant hydraulics . Analogous with a pipe model (Shinozaki et al. 1964) , each layer is served by an independent water supply system . We employ an unbranched model, rather than a branched catena (Tyree 1988 ), because of its greater simplicity, and because we are representing a canopy of many individuals, rather than modelling a single tree . The whole canopy can be visualized as a set of 10 parallel circuits (only one of which is shown in Fig . 1) . A separate branch hydraulic resistance is not specified, but is assumed to be included with the value of RP ,, .
The water in the xylem can rupture under the extreme tensions that occur naturally -there is often a threshold water potential for such cavitation (Jones 1992) . The onset of xylem cavitation can lead to a rapid and catastrophic decline in stem hydraulic conductivity by inducing further cavitations (Tyree & Sperry 1989) . Jones & Sutherland (1991) have shown that the maintenance of a maximally efficient conducting system requires that stomata close as evaporative demand rises to prevent shoot water potentials falling below this threshold value (W, mi" ) . Tyree & Dixon (1986) have measured the threshold value for Acer saccharum as -2 .5 to -3 .0 MPa . Bassow (1995) reports that measured leaf water potentials of Q. rubra near the Harvard Forest site do not fall below -2 .5 MPa ; this value is used in modelling the threshold .
Dynamic flow
The relationship between the flux of water through the plant and the water potential drop is not unique ; initially water is drawn from stores within plant tissues, so that liquid flow lags the transpirative demand (Landsberg et al. 1976 ; Schulze et al . 1985) . This hysteresis can be modelled by incorporating capacitors into the circuit analogue to represent canopy water storage capacity (Jones 1978) . Assuming constant capacitance (Ce ), the change in leaf water potential of canopy layer n over a time step At can be described by
where pw is the density of liquid water (kg m -3 ), g is gravitational acceleration (9 .8 m s-2) and h is the height (m) of the canopy layer n (see Appendix for derivation) . The response times of both crop plants (Jones 1978) and trees indicate that a time step of 30 min is adequate to resolve the dynamic behaviour using this equation . Jones (1978) used a similar lumped-parameter model to simulate diurnal trends of`P 1 in transpiring wheat, and found that it could account for more than 90% of the variation in hourly means of Y'1 . However, we do not believe that this approach has been used to predict g s, and thus determine the hypothetical water supply limitations to productivity .
Tyree & Sperry (1988) undertook hydraulic measurements for Acer saccharum in Vermont and estimated the hydraulic conductivity (Gp) to be 4 .0 mmol s-' m1 MPa ' (R pn = h/Gp ; see Appendix) . The conductivity of Quercus rubra is of similar magnitude (Cochard & Tyree 1990) . We assume that ring-porous Quercus will have a slightly higher conductivity than Acer, and so we use an estimate of 4 .5 for model testing . This figure gives Rpn values close to those measured for larger Q . rubra seedlings (Ren & Sucoff 1995) . Schulze et al. (1985) have estimated total tree stored water usage for adult Picea abies. An individual P. abies used 16 .2 kg of stored water in a day ; needle biomass was 13 .1 kg . Using leaf mass per unit area relationships for P . abies (Oren et al . 1986 ), we estimate the amount of stored water per unit leaf area as 8 .8 mol M-2 . The drop in leaf water potential during stored water usage was 1 .1 MPa, so we estimate capacitance (Cn ) at 8 .0 mol MPa 1 m2.
Although Cn is expressed on a leaf area basis, the stored water is distributed in both foliage and the woody tissue of the crown . Landsberg et al. (1976) estimated the capacitance of potted apple trees to be similar, around 5 .0 mol MPa 1 m2. The value of Schulze et al. (1985) is probably more applicable to this model because it was measured for full-sized canopy trees in the field. However, because of the uncertainty associated with this value, a sensitivity analysis has been performed on C n (see below) .
Leaf biochemical parameters
The model used to determine photosynthesis is described elsewhere (Farquhar & Von Caemmerer 1982) , but the calculation of the parameters required is detailed below . Photosynthesis is limited by the minimum of the ribulose bisphosphate carboxylation rate and the rate of ribulose bisphosphate (RuBP) regeneration . The maximum rates of these two processes and their temperature and N dependences must be calculated .
Maximum carboxylation capacity (V cmax)
We assume that Vcmax is proportional to foliar N concentration (Harley et al. 1992 ), and can be described by the following relationship :
where kt°is a temperature coefficient (a temperaturedependent polynomial function normalized to 30°C ; Kirshbaum & Farquhar 1984) , and K is a catalytic rate constant (hmol CO2 g-1 N s-1 ) . rc is calculated from measured values of N and Vcmax • The maximum leaf N contents at Harvard Forest in 1992 were 3 .6 g M-2 leaf area for Q . rubra and 2 .3 g m2 for A . rubrum (Bassow 1995) . To match these values, we selected the highest values of Vcmax recorded for these or similar species in the literature ; around 51 pmol CO 2 m2 leaf s-1 for Q. rubra, and around 31 .6 pmol CO2 m 2 leaf s-' for A .saccharum at 30 °C (Wullschleger 1993 ) (the value for A .saccharum has been corrected from 25 °C) . However, Epron et al. (1995) argue that these values are underestimates, because the data in Wullschleger (1993) are calculated based on the internal CO2 concentration (Ci) rather than the concentration at the carboxylation site (C°) . In woody plants, C°can be substantially lower than C i because of low internal conductances (g i ) . Our biochemical model has been modified to include gi (see Eqn All) as estimated by Epron et al. (1995) , and the values of Vcmax have been corrected by a simple scaling to reflect this modification . The corrected values are 122 pmol CO2 m2 leaf s-1 for Quercus, and around 75 pmol CO2 m2 leafs ' for Acer. From the data provided, we obtain similar values of i for both species : 33 .9 for Quercus and 32 .8 for Acer, giving a site average i of 33 .6pmolCO 2 g'Ns' .
Maximum electron transport rate (Jma) Harley et al. (1992) have also demonstrated that Jr ,,a ,t values are proportional to foliar N concentration, justifying the following relationship :
where kti is a temperature coefficient (of similar functional form to kt°) and ic; is the electron transport rate coefficient (pmol g ' N s1) which we calculate from measured values of N and Jmax • Jmax values for Q. rubra have been determined from A/Ci curves (Loreto & Sharkey 1990 ) at 127 pmol m2 leaf s -1 . However, Epron et al. (1995) show that Jmax values are higher when calculated from A/C,, curves for woody species . We therefore correct the Quercus value to 165 pmol m2 leaf s-1 at 30 °C. We estimate Jmax values for Acer by assuming that the Vcmax•Jmax ratio is similar for both species ; the estimated value is 94 pmol m-2 leaf s -1 . Using the maximum foliar N concentrations listed above, the site average K is then calculated as 44 .3 pmol g -1 N s-1 . We determine the potential rate of electron transport from Jmax and absorbed PPFD (Farquhar & Wong 1984) .
Biochemical parameters
Several other parameters are required for the photosynthesis model (Farquhar & Von Caemmerer 1982) . The values and temperature dependences of K°and K°, the Michaelis-Menten constants for enzyme catalytic activity for CO 2 and 0 2 , respectively, are taken from Kirschbaum & Farquhar (1984) and McMurtrie et al. (1992) . We derive I*, the CO2 compensation point in the absence of nonphotorespiratory respiration, from measurements of Vcmax, amongst other parameters . Epron et al. (1995) suggest that observed values of I * in woody plants are overestimated from A/Ci curves because internal resistance to CO 2 diffusion is unaccounted for . We account for this resistance (see below), and so we can approximate woody plant I* by that of herbaceous plants, 36 .5 pmol mol-' at 25 °C (Epron et al. 1995) , using an Arrhenius relationship for temperature sensitivity (McMurtrie et al. 1992) . We determine the respiration rate of each layer (R d ; pmol m2 s -1 ) from foliar N content and leaf temperature, using relationships and parameters described by Ryan (1991) .
Impacts of water status
Following Comic et al. (1989) , we assume that the photosynthetic apparatus is resistant to drought . Epron & Dreyer (1993) have shown that, in the leaves of young oak saplings (Quercus petraea) subjected to water stress, there was only a limited decline in maximum photosynthetic rates, and the photochemistry of photosystem II and the quantum yield of light-driven electron transport remained stable. We therefore assume that water stress affects only g, and not the photosynthetic mechanism .
Leaf level processes
For each canopy layer, once every 30 min an iterative procedure is used to determine the maximum stomatal conductance in this layer (g sn) and the assimilation rate associated with this conductance (see Fig . 1 ) . The iterative procedure is as follows, starting from a very low gs .
(1) Increment gsn by a small amount (c . 1 mmol m -2 s-1 ) .
(2) Determine leaf temperature (T,,°C) resulting from the leaf energy balance at this g sn using a steady-state approximation (Jones 1992) . (3) Determine leaf biochemical parameters, based on foliar N concentrations (Field & Mooney 1986) , absorbed PPFD and leaf temperature .
(4) Determine the equilibrium mesophyll CO 2 concentration (C°) that satisfies both diffusion from the atmosphere to the mesophyll (see Appendix) and metabolic uptake, as described by Farquhar & Von Caemmerer (1982) .
(5) Calculate layer transpiration rate (mmol M-2 s ') at this gsn with the Penman-Monteith equation (Jones 1992 ) . (6) Calculate the change in layer leaf water potential OI'l n ) after one time step (At, 1800 s) of transpiration at the specified gsn, using Eqn 1 . Return to step 1 (for a further increment of g sn), unless either : (a) previous gsn increment failed to raise assimilation appreciably (see below), or (/3) F,,, has reached its specified cavitation limit (plmin) . The water supply system is now operating at its maximum rate ; any further increase in gsn would take the xylem beyond its threshold for cavitation, and result in a catastrophic failure in water supply .
It is this iterative procedure of setting gs , especially as relates to step (7), that sets our canopy model apart from similar models . Embedded in this procedure is our underlying hypothesis that stomatal variation operates to minimize water stress, by effectively using stored water to maximize C gained per unit water loss over the course of a day, and by preventing xylem cavitation . Figure 2 shows the response of net leaf layer CO 2 assimilation rate (A) and transpiration to g s , in the topmost canopy layer at noon on a representative day (see Fig . 5 , day 215, for prevailing environmental conditions -these are held constant through the iteration) . After an initially rapid increase, the response of A becomes asymptotic, and the carbon gain per unit water loss declines . We argue that plants use their water store conservatively ; it is more efficient to limit g sn when atmospheric saturation deficits are low (morning), so that stored water can be utilized later to buffer the impacts of high afternoon atmospheric saturation deficits. For this reason, optimal gsn is fixed when an increment in gsn (=1 mmol M-2 S-1 ) fails to increase A by more than 0.07% (the threshold parameter t). t was initially selected using Fig . 2 , to give maximum conductances of 300 mmol m2 s-1 , in accordance with measured maxima for Q. rubra (Weber & Gates 1990) .
Site description
The model results were compared with hourly measurements of whole-canopy exchange made at Harvard Forest during the 1992 growing season (Wofsy et al. 1993 ; Goulden et al. 1996) . The forest to the south-west of the tower is mainly composed of Quercus rubra L . (=70% of the leaf area) and Acer rubrum L. (=30% of the leaf area ; Amthor et al. 1994) . We focused on days with no more than one data point missing per day, and with winds predominantly from the south-west. We compared daytime flux predictions with measurements of LE (Wm2 ) and net ecosystem exchange of CO 2 (NEE) . NEE (pmol m-2 S-1 ) is the net of gross canopy CO 2 uptake (carboxylation and oxygenation) and leaf, soil and stem respiration. A negative NEE represents a net flux into the forest (i .e . assimilation exceeds respiration) .
The experimental methods used at Harvard Forest, and the accuracy of the measurements, are described by Goulden et al. (1996) . Individual hourly flux measurements are subject to random variability of order ± 20% because of the finite sampling period used (Baldocchi et al. 1988 ) . This creates scatter in the comparison between predicted and measured fluxes that over time average to zero. Systematic errors during the day, which reflect a consistent discrepancy between the true flux and the measured flux (e .g . a calibration error), are no greater than 10-20% .
Measurements showed that temperature (°C) and atmospheric saturation deficit (kPa) varied slightly between the top and bottom of the canopy ; values for the middle layers were derived by interpolation . Incident PPFD (µcool m2 s-1 ) was measured at 30 m and used to calculate incident NIR . Ambient CO2 concentration (µmol mol-1 ) was measured at 30 m . Total leaf nitrogen was set at 6 .7 g N m 2 ground area, based on the foliar nitrogen content reported for Harvard Forest by Aber et al. (1993) , and LAI was set to 3 .5, based on leaf litter collections made in the fall of 1992 near the eddy correlation tower . The model assumes that LAI is equally distributed between 10 and 24 m (Aber 1979 ; Ellsworth & Reich 1993) . We assume a mean fine root radius of 0 .35 mm, and a fine root density (l R ) of 1300 m m2 , using data collected at Harvard Forest by McClaugherty, Aber & Melillo (1982) . The partitioning between soil and stem respiration was made following Goulden et al . (1996) .
Soil moisture levels to the south-west of the tower are high . Soil pits dug up to 60 m south-west of the tower had standing water at 30 cm depth during the summer of 1994 (Rich Boone, Harvard Forest, personal communication) . This section of forest seems to be well supplied with water throughout the growing season, so we assume that soils are at field capacity in model runs . Therefore, water limitations of canopy processes in these simulations are the result of restricted conductance through the soil-root-stem system, not the result of low soil moisture . Soil maps at Harvard Forest indicate that sandy loams lie south-west of the tower, with =60% sand content and 10% clay content .
RESULTS AND DISCUSSION
The model predicts diurnal variation in one parameter (gs ) in each canopy layer . In combination with environmental conditions, gs determines the magnitude of canopy water and carbon fluxes . Modelled rates of soil evaporation are added to the transpiration rates of the canopy layers to give whole-forest LE. The net of individual layer CO2 exchange rates and soil and stem respiration rates provides our estimate of NEE.
The model was tested against hourly flux measurements from 25 d with complete data sets and varying weather conditions from the summer of 1992 ( Fig . 3) . From regression analysis of measured versus predicted fluxes during daylight hours (n = 317), the r2 values were 0 .83 for LE (slope 0 .85 ± 0 .02) and 0 .82 for NEE (slope 1 .05 ± 0 .02) . The model tended to underpredict LE in some instances . The wind quadrant for each flux reading is indicated by the symbols in Fig . 3 . Because the model was parametrized with data from the canopy south-west of the tower, we reanalysed the data for periods in which winds were solely from this direction (n = 139) ; the r2 values were 0.87 for LE (slope 1 .01±0.02) and 0 .86 for NEE (slope 1 .03±0 .02) . Thus, when winds are from the south-west the model makes more accurate predictions, and the slopes of the regression lines do not differ significantly from 1 .0 . The model underestimates LE when winds are from the northwest, an area with swampy conditions, and where key parameters like LAI may differ from those used in the model .
Predictions for four days between the end of July and early September, with winds consistently from the southwest, are examined in detail (Fig . 4) . The only differences among the modelled days are the measured environmental conditions and calculated diurnal variation in solar elevation . The full set of parameters used in the model runs are shown in Table 1 . In discussing model output, we show predictions at the whole-canopy level (Fig . 4) and also for individual canopy layers (Figs 6 & 10) . Our model is designed to make predictions at the whole-forest level, and thus Fig.4 is used for quantitative model confirmation . In presenting data for the individual layers, the details of model behaviour are displayed . A degree of aggregation has been employed in parametrizing each canopy layer ; a simple weighted average was applied to take account of species differences . Thus, we use the comparison of canopy layer level predictions with leaf level data purely as a qualitative confirmation of the model . During the course of the day, canopy processes are initially driven by the interception of incident radiation (Figs 4 & 5) . As stomata open, CO 2 assimilation rises more rapidly than LE, because atmospheric saturation deficit is low in the cool of the morning (Fig . 5 ) . With rising air temperatures, atmospheric demand for water, and thus transpiration, are increased . As light becomes saturating, leaves are no longer limited by potential electron transport . Instead, RuBP carboxylation activity becomes limiting, which in turn is related to leaf N content . Figure 6 shows diurnal rates of assimilation (Pmol CO2 S-1 per layer) and internal CO2 concentrations (C;, pmol mol -') in selected layers on day 215 . After midday a third factor becomes limiting . In the first few hours of daylight the transpirational demand created by stomatal opening is met from water stored in the leaves and the crown (i .e . capacitance) . However, once the stored water is exhausted, the leaves must be supplied by water transported from the roots . In the upper canopy, over 20 m above the forest floor, xylem hydraulic resistance is significant and stomata are forced to close to maintain turgor and avoid xylem cavitation . Because afternoon atmospheric saturation deficits are high in the upper canopy, the degree © 1996 Blackwell Science Ltd, Plant, Cell and Environment, 19, [911] [912] [913] [914] [915] [916] [917] [918] [919] [920] [921] [922] [923] [924] [925] [926] [927] Further factors involved in reducing afternoon NEE include the measured drop in ambient CO 2 concentration resulting from CO 2 uptake by the canopy, and the recorded increase in soil respiration caused by higher afternoon soil temperatures . However, the model suggests that the overriding reduction in afternoon CO 2 uptake results from stomatal closure in the upper canopy caused by restrictions in water supply . Measured and modelled NEE show a similar hyperbolic response to incident PPFD during the four days we examined (Fig . 7) , and both show the same hysteresis, with afternoon CO 2 uptake lower than morning uptake at a similar PPFD .
Deeper in the canopy, there are different limitations to productivity . Light levels are lower, but so also are atmospheric saturation deficits, temperatures and wind speeds, and hydraulic resistance is reduced in layers nearer the ground . Therefore water demand in the lower canopy never exceeds supply, and there is no stomatal closure during the afternoon according to the model .
In their studies on gas exchange in mature Quercus rubra, Weber & Gates (1990) showed that a marked midday depression in CO 2 assimilation commonly occurred Saxton et al . (1986) Forest in 1991 and 1992 (Bassow 1995) . The data show a high degree of variability . However, the measurements do indicate that CO2 assimilation in the upper canopy tended to decline after midday . In the sub-canopy, assimilation PPFD AIL rates were generally lower, but less variable throughout the day, and an afternoon decline in uptake was not indicated . These data provide qualitative substantiation for the model results at the canopy layer level . Bearing in mind the magnitude of the error associated with eddy correlation methods, it is also instructive to examine where modelled and measured results for the whole canopy diverge . For day 253 (Fig . 4 ) the model underestimates CO 2 uptake and LE during the middle of the day . However, this day was characterized by a great degree of variability in flux measurements, and by relatively high soil temperatures. It seems likely that our estimates of soil respiration are an overestimate . The morning peak in measured LE is explained by evaporation from wet leaf surfaces resulting from rainfall at 0600 h .
Internal CO2 concentration (CI ) Figure 6 traces the diurnal course of predicted internal CO 2 concentrations (C;) for five canopy layers on day 215 . Tenhunen et al. (1984) observe that C, tends to remain essentially constant despite stomatal closure, so that assimilation and conductance change in concert . This observation is the basis of some empirical models of g s (Ball et al. 1987) . A similar coordination between assimilation and stomatal conductance arises because of the optimization we use to calculate g,, in our model . Thus, in our model Ci remains relatively constant for much of the day and in most layers, between 260 and 280 pmol mol -1 , a typical range for C 3 leaves . However, in topmost layers, where afternoon g s is set to avoid cavitation rather than optimise C uptake, C i falls as diffusion becomes limiting to assimilation . In studies of gas exchange in mature Quercus rubra, Weber & Gates (1990) showed that C, did decline during the middle of the day, though not to the extent of our predictions for the upper canopy .
The stable Ci values predicted for each layer are similar, their exact values dependent on foliar N concentration and incident radiation. However, because the impacts of stomatal closure due to water stress are confined to the upper canopy, the average daily C i will decline with height. Carbon isotope ratios in leaves can provide an indication of long-term aggregated Ci values . Using this technique, Yoder et al. (1994) have shown that in upper canopy trees there is evidence of reduced Ci , which they trace to hydraulic limitations . Although their data pertain to a coniferous stand at a dry site, they do provide some support for our simulated vertical distribution of average Ci in developed stands . 
Stomatal conductance
Canopy models have employed empirically derived relationships (Ball et al. 1987 ; Collatz et al. 1991) to predict stomatal conductance (mol m2 S-1 ), using variations on the equation
where Hs is relative humidity at the leaf surface (%), Cs is CO2 concentration at the leaf surface (umol mol -1 ), A is net assimilation rate (µcool m2 s-1 ), and m (dimensionless) and b (mol m 2 S -1 ) are constants . We plot our predictions of gs for each layer of the canopy through the course of one day (215) against AH/Ca (see Fig . 8 ) -because of high leaf boundary layer conductances, ambient and surface values of humidity and CO2 concentration will not differ greatly .
The figure shows that our model of g s is clearly related (r2 = 0.83) to the empirical function . The gradient of a fitted line, given that b is small, gives an estimate of m of 0-12, which is in accordance with published values (McMurtrie 1993 (Ball et al. 1987) , where A is canopy layer CO2 assimilation rate, H is ambient humidity and Ca is ambient air CO2 concentration . Also shown is the diurnal course of stomata] conductance for the third layer into the canopy (-N) ; the numbers indicate the time of day (h) .
The model can also be used to examine how gs varies within the plant canopy . Daylight average and maximum gs are plotted against leaf height for the same day (Fig . 9 ) . Maximum g5 declines deeper into the canopy . However, the greater water stress in the upper canopy and the resulting afternoon stomatal closure mean that average gs is highest below the topmost layer . These predictions are in agreement with the measurements of Roberts et al. (1990) Figure 9 . The variation of daily maximum (0) and average (/) predicted stomatal conductance with depth in the canopy on day 215 .
who examined variation in g s with height in a tropical rain forest . Plants higher in the canopy exhibited the greatest maximum g s values, and showed a steep decline after a mid-morning peak. Plants nearer the forest floor had lower maximum g s values and showed far less diurnal variation . These data do indicate that the predicted patterns are consistent with observations from other tall-stature forests .
Nitrogen use efficiency
Nitrogen use efficiency (NUE) of each canopy layer through a single day is determined as the total gross CO 2 assimilation per g foliar N . Integrated daily NUEs of the canopy layers are similar (see Fig . 10 ), suggesting that the N distribution we applied is close to optimal . Upper layers are the most efficient early and late in the day, when they are better illuminated and least water-stressed . Lower lay-. ers are the most efficient around noon, when irradiance is highest. The NUE of the topmost layers declines precipitously with the onset of stomatal closure induced by water stress . The model indicates that taking account of hydraulic limitations to productivity in the upper layers © 1996 Blackwell Science Ltd, Plant, Cell and Environment, 19, [911] [912] [913] [914] [915] [916] [917] [918] [919] [920] [921] [922] [923] [924] [925] [926] [927] . Diurnal variation in nitrogen use efficiency (µmol C assimilatedd-l g l foliar N) for five of the 10 layers on day 215 . The layers are numbered from the topmost (1) to the second from bottom (9).
Modelling the soil-plant-atmosphere continuum 923 may be important in determining the optimal distribution of N within the canopy .
Sensitivity analysis
The parameters tested for sensitivity are those related to the hydraulic model and stomatal variation that were not measured at the site ; Cn, 1 lmin, Gp and i. The model was rerun for the 25 d, with these parameters varied individually by at least ±30% (according to uncertainty about the parameter estimates) . Table 2 shows the r2 and slopes ± standard errors of the measured versus predicted fluxes when winds were from the south-west . There was only a small alteration in model response with variation in canopy hydraulic conductivity (G o), and canopy layer capacitance (Cn ) . There was more sensitivity to changes in minimum sustainable leaf water potential Mid-When this was increased to -1 .5 MPa, transpiration and photosynthesis were significantly reduced, because stomatal opening is constrained as Y1lmin becomes less negative .
Less negative values of 9lmin are equivalent to more nega- tive values of IF. . Thus, sensitivity analysis of ' m i n also serves as a sensitivity analysis on soil water availability . LE showed more sensitivity than NEE to variation in i, the stomatal threshold parameter that controls water use efficiency . We have used i to constrain g s , arguing that conservation of the plant water store ameliorates afternoon water stress . The sensitivity of this parameter (set to 0.07% in the model runs) and this assumption were tested in more detail . For day 215 the canopy model was rerun with a variety of t values, ranging from 0 .001 to 0 .2% (Fig . 11 ) . With lower i values, GPP (gross primary productivity) was stimulated in the morning because stomata opened wider . The model then forecast a rapid exhaustion of the water store, causing stomatal closure to occur earlier and to affect more of the canopy . Afternoon GPP was significantly reduced, and so in balance there was minimal improvement (less than 1%) in daily total GPP with less constrained g s . With higher values of t, the model predicted that stomata opened less widely in the morning ; water stress was ameliorated in the afternoon, but this highly conservative strategy reduced daily GPP overall . The hydraulic model does set short-term limits on productivity, but suggests that conservative gs limits the degree of canopy water stress .
Further directions
The model does not include any representation of water dynamics around roots or the impacts of root clumping w w -10 Z (Tardieu et al . 1992 ) . Water uptake rates may be affected by the development and enlargement of water-depletion zones around roots during the course of the day . If morning photosynthesis relies largely on stored water, these depletion zones around roots are expected to affect only afternoon transpiration and therefore might explain the tendency of the model to overestimate late afternoon LE. Also, we did not simulate the variation in soil moisture at different depths . To test and apply this model further, we require data from a water-stressed site, so that the impacts of low soil moisture on canopy processes can be examined . The major objective of this work was to develop predictions of canopy fluxes, both for use in investigation of the stand-level response to global change, and for application to ecosystem models (e .g . Parton et al. 1988 ; Rastetter et al . 1991 ) . Having confirmed model predictions against whole-forest measurements, we can reliably use the model to develop more aggregated representations of canopy processes . These are much simpler sets of equations, operating like a simplified 'big-leaf' model, that capture the behaviour of the process-based formulation while requiring many fewer parameters and much reduced computing power.
CONCLUSIONS
We describe a soil-plant-atmosphere continuum model that, given numerous simplifications and assumptions, adequately predicts both canopy CO 2 uptake and transpira-© 1996 Blackwell Science Ltd, Plant, Cell and Environment, 19,  tion for a Quercus-Acer site at Harvard Forest . The model successfully captures the impacts of contrasting weather conditions on C assimilation and LE flux over a growing season . Thus, we can confidently employ the model to simulate seasonal patterns of C and water exchanges, given the availability of relevant parameters .
The model successfully accounts for the observed afternoon decline in CO2 uptake, suggesting that this arises from stomatal closure in the upper canopy, initiated by exhaustion of stored water. Because the impacts of water stress are confined to the upper canopy, where atmospheric demand is highest, and hydraulic resistance greatest, the model suggests that average daily internal CO2 concentrations (C;) decline with height . The predictions of this model for gs are broadly in agreement with those of the Ball et al . (1987) approach, though differences do arise because of the impacts of plant water status on gs in our model . Our simulated maximum gs values decline with foliar N concentration and with canopy height . Examination of predicted N use efficiencies shows that the measured N distribution applied in this model is close to optimal . Further, sensitivity analysis of the hydraulic parameters shows that gas fluxes are most responsive to variation in minimum leaf water potential ( Y',, ;) and soil water potential (IF.j . Analysis also reveals that an optimal stomatal behaviour may exist, which most efficiently utilizes stored water to delay the onset of afternoon water stress .
